The main physics results achieved in the recent years in the Frascati
The main physics results achieved in the recent years in the Frascati Tokamak Upgrade (FTU) are reviewed. The main focus of research has been the development of performance plasmas at high densities (up to 4 ϫ 10 20 m Ϫ3 ), high magnetic field (up to 8 T) and plasma current (up to 1.6 MA), that are therefore in a domain of relevance for burning physics experiments such as ITER. The main tools consist in the development of plasma conditioning techniques and the use of various electron heating and current drive systems. Improved confinement regimes have been developed, including (a) the production of steady electron internal transport barriers at high density and electron temperature (up to central electron temperature of 11 keV at a central density of 0.9 ϫ

20 m 3 ), (b) the production of repetitive pellet enhanced plasma modes with deep pellet deposition leading to a substantial increase of the neutron yield (and a record FTU value of the fusion product n i T i t E up to 0.8 ϫ 20 m Ϫ3 keV{s), and (c) the production of radiation improved modes at high magnetic field. Main results on the supporting physics program will also be given in the domain of plasma wave physics (lower hybrid current drive, electron cyclotron resonance frequency, ion Bernstein waves), heat and impurities transport, and magnetohydrodynamic studies.
I. INTRODUCTION
The Frascati Tokamak Upgrade~FTU! has the capability to operate in regimes relevant to the next generation of burning physics experiments~BPXs!, including current capability of 1.6 MA allows the edge safety factor to be varied down to a value of 2.7. The FTU program has focused on the basic understanding and the exploration of new regimes of relevance to BPXs. Since the main heating systems in FTU are primarily heating electrons, a specific point of interest relevant to BPX is the effect of ion-electron collisions on transport, in particular when an internal transport barrier~ITB! is produced. Furthermore, transport studies have focused on electron transport, which remains an open issue in tokamaks, with the ion transport being progressively more understood. New regimes studied in FTU include the production of the following:
1. ITBs at high density 2. repetitive pellet enhanced plasma~PEP! modes 3. radiation-improved~RI! modes.
Physics studies include 1. plasma-wave physics including lower hybrid~LH! current drive~CD!~LHCD!, electron cyclotroñ EC! resonance frequency~RF!~ECRF!, synergy between ECRF and LHCD, and ion Bernstein waves~IBW! 2. magnetohydrodynamic~MHD! studies: m ϭ 1 mode analysis, tearing modes~TMs!, and MHD stabilization 3. transport studies, in particular heat transport studies using modulated ECRF heating as a probe, particle and impurities transport.
Some of the highlights of the physics results achieved so far in FTU will be given in this chapter; more detailed information will be given in subsequent chapters of this issue.
II. INTERNAL TRANSPORT BARRIERS
The ITBs are an attractive feature for advanced scenarios in BPX such as ITER~Refs. 1 and 2!. In such experiments, the main heating source is from collisions with alpha particles, which mainly heat the electron population. Other auxiliary heating systems such as highenergy neutral beam, electron cyclotron resonance heating ECRH!, or LHCD will also mainly heat the electrons. In most of the present experiments, ITBs are produced in conditions where either ions or electrons are heated by additional heating and CD systems. High performance plasmas are characterized by ion ITBs with ion temperature higher than the electron temperature, with essentially decoupled electron and ion populations. Electron ITBs have also been produced resulting in very high central electron temperature but at low electron densitỹ 1.0 ϫ 10 19 m Ϫ3 or even lower!, so that the electron and ion populations remain decoupled. More recently, ITBs have been produced with electron and ion temperature in the same range, but with both populations being heated separately, with the result that they, in fact, remain decoupled. In these conditions, an important issue for BPX experiments-namely, that the turbulence stabilization mechanisms invoked to produce ITBs~magnetic shear, shear flow, etc. 2 ! are not hampered, or even suppressed, when the electron and ion population are coupled through collisions-has not yet been investigated. Experiments on advanced scenarios in FTU have tried to address this open issue.
Weak or negative magnetic shear configuration may produce transport barriers on the electron population leading to large temperature gradients. Such configurations can be produced either by applying additional power during the plasma current ramp-up phase when the plasma current has not yet fully diffused to the plasma center or by applying noninductive CD with an appropriate offaxis deposition.
II.A. ECRF on the Current Ramp
ECRF was applied during plasma scenarios with fast current ramps. If the ramp rate of the plasma current is sufficiently fast, the skin effect prevents the current from diffusing to the plasma core, thus giving rise to a nonmonotonic current density radial profile. It is to be noted that the detail of the plasma startup conditions, the impurity content, and the gas feed may influence the shape of the current profile, therefore leading to a certain degree of nonreproducibility. By changing the current ramp rate and the startup conditions, a variety of CD profiles can be obtained, as well as different levels of stability, some of them leading to the production of ITBs~Ref. 3!.
During plasma current ramp-up, MHD events associated with the q ϭ 1 magnetic surface~sawteeth in particular! are absent; therefore, some underlying heat transport mechanisms can be more easily accessed. Power deposition by ECRF is extremely intense and well localized; this allows the radial temperature profile response to variations of the location of the resonant absorption radius to be checked and the influence of the electron free energy sources on turbulent heat transport to be determined.
Improved central core confinement was achieved in specific conditions. An example of such discharges, produced at B ϭ 5 T, is shown in Figs. 1 and 2 , where the electron temperature radial profile is shown at different times during the ECRF phase for two discharges with different locations of the resonant absorption radius. 4 No MHD activity was present during the profile evolution shown, so that the profile shape was governed by smallscale heat transport only. Very high central electron temperature values~up to 14 keV at line-average densities ;0.4 ϫ 10 20 m Ϫ3 ! have been achieved with central resonance. Deviations of the energy distribution function from the Maxwellian shape are in agreement with theory. 5 Although the electron distribution function inside the deposition layer is non-Maxwellian, the temperature values are representative of the average electron energy. These are among the largest electron temperature values achieved in a tokamak, especially for such relatively high density.
Predictive transport analysis 4 of data shown in Figs. 1 and 2 indicates that transport in these discharges is dominated by thermal diffusion, while evidence of heat pinch has been found with very off-axis ECRH in low-current discharges. 6 Core confinement improvements have been generally observed when the minimum q was just above integer values with low-order rational q values being absent. The thermal diffusivity remains low even at values of the electron temperature gradient well above the critical gradient assumed in most transport codes, i.e., in the presence of strong free energy sources, which might drive turbulence. 3 The ITB is normally terminated when TMs and fast mixing events are observed to affect the transport properties in the internal region. The occurrence of such events is likely to be because of the evolution of the plasma current profile in the absence of active noninductive CD control. Such control has been achieved with the use of LHCD, even though only partially in some cases.
II.B. ITBs with LHCD and ECRH
Scenarios have been developed with simultaneous injection of LHCD and ECRF both during the current ramp and the current flattop phases. ECRH injection during the current ramp phase delays the current density evolution and allows for the formation of broad current density profiles, which are subsequently maintained by LHCD during the flattop phase. In both scenarios, longlasting electron ITBs have been obtained at central densities in the range of 1.0 ϫ 10 20 m Ϫ3~R efs. 7, 8, and 9!. An example of such a discharge is shown in Fig. 3 . ECRF is injected in the current up phase, triggering an ITB, while LHCD is launched at low power just before the plateau, with the high power phase being started during the current plateau. The duration of the ITB phase is of the order of 0.25 s, corresponding to about ten energy confinement times. The central density reaches 0.9 ϫ 10 20 m Ϫ3 , and the central temperature is ;11 keV, as confirmed by spectroscopic measurements of heavyimpurity line radiation. After the ECRF phase, the ITB becomes weaker and then disappears, possibly due to a change in the CD profile or to an increase of electron-ion collisions. The origin of the MHD activity, which is observed when the ITB disappears, is not yet fully clear, but it is likely to be due to the change in the plasma current profile. A better control of the current profile would thus be needed in order to avoid it. The large increase in the neutron yield can be noted in Fig. 4 and is consistent with an increase of the ion temperature from 1.2 to 1.6 keV. In this figure, the evolution of the ion temperature is obtained from an ion transport model, as discussed in Chapter 6, based on the neoclassical ion heat diffusivity multiplied by an anomaly coefficient. It is to be noted that the only ion heat source is from electron-ion collisions. 10 Although the electron-ion collision time is still significantly longer than the energy confinement time, this collision transfer starts to be representative of the situation that will occur in a BPX experiment. A more ITER-like scenario would require operating at higher density and0or with a longer energy confinement time, both requiring operating with higher combined LHCD and ECRF power, as planned for future experiments.
The q profiles and the deposited noninductive CD, as calculated from numerical codes, are shown in Fig. 5 . Current profiles are calculated by using the JETTO code, 11 and the LHCD deposition and CD are calculated by a ray-tracing code coupled to a one-dimensional~1-D! Fokker-Planck code for the velocity distribution. Current profiles with a mild negative shear are produced, the shear becomes more negative with the time, in agreement with the off-axis LHCD deposition.
As in the Joint European Torus~JET!, the existence of an ITB is characterized by a figure linked to the normalized electron temperature gradient. In Ref. 12, this figure is defined by the quantity r T * ϭ r L, s 0L T , where r L, s is the Larmor radius of the ions moving at the sound velocity and L T ϭ T e 0~dT e 0dr! is the local characteristic length of the electron temperature T e along the radius. In JET, an ITB is formed when this parameter becomes larger than a threshold value of 0.014. A similar threshold seems to apply to FTU.
A different ITB formation scheme has been attempted to achieve more resilient steady-state conditions by using a plasma target formed with full LHCD. The ECRF power is applied during the flattop phase, resulting in the production of an electron ITB as shown in Fig. 6 . A high-performance phase with ne 0 up to 1.1 ϫ 10 20 m Ϫ3 and Te 0 ϭ 7 keV is achieved and is limited by the duration of the ECRF heating pulse. It is important to note that a plasma density peaking is also observed during this ITB phase. Radial profiles of the electron temperature and the normalized Larmor radius are shown in Fig. 7 , showing that the electron transport barrier is large, about half the plasma radius. It is to be noted that there is no indication of impurity accumulation. 13 During the joint ECRF and LHCD power phase, an ITB expansion is observed, which might be correlated to a broadening of the LH power deposition profile.
Transport properties have been studied both with the ASTRA~Ref. 14! and the JETTO codes, which are generally in good agreement. It is found that the electron diffusion coefficient drops significantly within the ITB, down to 0.1 to 0.3 m 2 0s. In the absence of a welllocalized ion heat source, the effect on ion transport is much more difficult to be assessed. It appears that in some cases~#29859!, ion transport is in effect increased, while in some other cases~#21548!, it remains unchanged during the ITB phase. Possible causes for this behavior are discussed in Chapter 3 of this issue. The normalized Larmor radius, indicating the strength of the ITB, is plotted against the improvement of the global energy confinement time in Fig. 8 . A clear enhancement of the H-factor, above the ITER97 L-mode scaling, up to 1.6 is observed when the normalized Larmor radius exceeds a value of ;0.015, similar to the value observed in JET allowing an ITB to be produced. It has to be pointed out that the H-factor depends not only upon the strength of the barrier but also on its width. In FTU ITBs, the width of the ITB is mainly determined by the low magnetic shear central zone, which depends on the LHCD deposition profile, as discussed in Chapter 3 of this issue. In addition, the wider the low shear zone is, the higher the required LHCD power is. Since most of the FTU ITBs have been produced with about the same LHCD power, it has not been possible so far to disentangle these two effects.
III. HIGH-DENSITY IMPROVED MODES
III.A. Repetitive PEP Modes
Use of high-speed pellet injection, in conditions where injected particles can be ionized in the plasma core, may lead to plasmas with improved confinement, as observed in several experiments, 15 ,a resulting in reduced ion transport~to the neoclassical level! and in a reduction or even a suppression of the sawtooth activity. Improved confinement is attributed to steep density profiles stabilizing the ion temperature gradient~ITG! modes and is called the PEP mode. 16 In addition, the steep density profiles associated with the PEP modes generate a bootstrap current that might modify the local magnetic shear, therefore further stabilizing some turbulence. 17 This improved confinement phase is not long lasting due to the decay of the density and pressure gradients. In other experiments, multiple pellet injectors at low speed have been used to increase and maintain high-density plasmas a See references in Chapter 4 of this issue. but typically without significant deep penetration. The capability of FTU to use multiple high-speed pellet injection~up to eight pellets at 1.3 km0s! has been used in order to benefit from the capability of deep penetration at high magnetic field, hence at high-density operation.
In a first series of experiments 18 performed at B ϭ 7.1 T and I p ϭ 0.8 MA, an improved confinement phase was achieved following the second pellet with the density rising from 1.5 ϫ 10 20 m Ϫ3 to 7.0 ϫ 10 20 m
Ϫ3
. Ion and electron temperatures were only reduced from 1.5 to 1.2 keV. A dramatic feature was the increase in the neutron yield by an order of magnitude up to 4.0 ϫ 10 12 n0s. Transport analysis has indicated that ion diffusivity was neoclassical. These high-performance plasmas were sawtooth free and terminated by disruptions. A more detailed analysis has indicated that, in effect, the cause of the disruption was arising from radiation collapses due to metallic impurities accumulation, as a normal consequence of peaked density profiles and neoclassical transport.
The optimization of the repetitive PEP modes has been extended up to the maximum technical capability of FTU, i.e., 8 T, 1.6 MA plasmas with a significant length of the current plateau~0.6 s at 1.6 MA!~Ref. 19!. Optimization has focused on achieving clean target plasmas with a peaked density profile and little content of metallic impurities. This was achieved in a more reliable way thanks to conditioning techniques, initially titanization and then boronization. The control of the target density profile allows an optimum deposition profile to be achieved, the optimum being found between half-radius and the q ϭ 1 magnetic surface. This in turn permits slowing down the m ϭ 1 MHD activity, but not to suppress completely the sawtooth, thus avoiding metallic impurities accumulation. The time interval between pellets was selected to be ;100 ms, about one energy confinement time.
With this optimization, the enhanced confinement regimes have been extended up to B ϭ 8 T, I ϭ 1.25 MA with multiple pellet injection, only limited by the availability of pellets and the time duration of the current plateau. 20 An example of such an optimization is shown in Fig. 9 . Up to five pellets were injected in 1.2 MA0 7.2 T plasma. Sawteeth are delayed but not suppressed, and repetitive PEPs are obtained for the time duration of the current plateau. Radiation in effect decreases slightly. Central density continues to increase while central ion and electron temperature remains constant at ;1.4 keV. The neutron yield increases up 1.5 ϫ 10 13 n0s, a record for FTU and a very large value for relatively small volume plasmas with ohmic heating only. As well, a record FTU fusion product n i T i t E of up to 0.8 ϫ 10 20 m Ϫ3 { keV{s has thus been achieved. A comparison between two discharges with the same line-averaged density, the one being fueled by gas and the other by pellets, is shown in Fig. 10 . The H-factor reaches a constant value with an average increase in the energy confinement time by ;1.3. The fact that repetitive PEP modes are being achieved in a very reproducible way brings some prospect in achieving quasi-steady-state plasmas.
III.B. RI Modes
The RI modes have been observed on the TEXTOR tokamak 21 in conditions where a large radiation was induced at the edge by impurity seeding. Under given operating conditions, peaked density profiles and improved confinement were achieved at densities in the vicinity or above the Greenwald limit. The improved confinement is attributed to the creation of steep pressure gradients and0or to the increase of Z eff~R ef. 22!. Theory predicts a bifurcation when ITG fluctuations fall before the emergence of trapped electron modes~TEMs!. Subsequently, such improved confinement discharges were achieved in several other tokamaks; it is to be noted that these regimes have been achieved with significant additional heating, in particular neutral beam heating, with the associated internal fueling favoring the peaking of the density profiles.
The motivation to produce RI modes in FTU is mainly to produce RI modes at high current at high magnetic field and high density in conditions where internal fueling is absent. These studies were only possible in FTU following boronization, thus allowing the radiation to be significantly reduced, 23 and are still in progress. A substantial increase in the neutron yield and a peaking of the density are achieved by injecting a brief neon pulse during the current ramp-up phase. The radiated power increases typically from 65 to 90%, with the increased radiation coming mainly from the edge. A comparison between two discharges at 6 T00.9 MA at about the same density and with and without neon seeding is shown in Fig. 11 . It is to be noted that the ohmic power is unchanged. Density and ion temperature increase mainly in the plasma center~r0a ; 0.35!. The corresponding increase in global energy confinement is not very largẽ ;50%!; however, the increase in neutron yield is significant. Some RI discharges have been heated with central ECRH without losing their RI mode characteristics. As observed in other experiments, the benefit from RI modes is more evident when operating at higher densities. In FTU, the density range is presently limited by the number of operating gas valves. In effect, a large number of gas valves are needed to achieve the high-density plasmas required for the study of RI modes. This number will increase in future experiments, thus allowing higher current, higher field RI modes to be possibly developed. 
IV. TRANSPORT STUDIES IV.A. Turbulence
Anomalous transport is very often attributed to smallscale turbulence, including drift turbulence such as ITG or TEM modes. The radial correlation of turbulent fluctuations is thought to be increased by toroidal coupling between rational surfaces, while turbulence-generated zonal flows tend to break turbulent eddies. [24] [25] [26] Depending upon models, wavelengths range from k 4 ϫ r i ϭ 0.1 to 0.3. It is of clear interest to analyze turbulence and its possible reduction in the improved confinement modes achieved in the FTU.
The structure of FTU small-scale turbulence in the plasma core has been investigated with a correlation heterodyne reflectometer designed to measure poloidal correlations of the core density fluctuations. The system can launch waves both in ordinary~O! mode and in the lower cutoff extraordinary mode~X L ! in the frequency range 49 to 80 GHz. These frequencies correspond to a cutoff density of 2.9 ϫ 10 19 m Ϫ3 Յ n e Յ 8.0 ϫ 10 19 m Ϫ3 for the O-mode propagation and to 1.5 ϫ 10 20 m Ϫ3 Յ n e Յ 2.8 ϫ 10 20 m Ϫ3 for the X L -mode propagation~at 8 T!. The system is similar to the one installed on T10~Ref. 27! and is described in Chapter 8 of this issue.
A typical FTU fluctuation spectrum is shown in Fig. 12 . Three spectral components can be seen: a low frequency, a broadband, and the so-called quasi-coherent component. 28 Since it is possible to measure the rotation speed for each spectral component, the average poloidal m number, wavelength, and kr i for the quasi-coherent component of the spectrum can be calculated. It is to be noted that the structure of the FTU turbulence spectra is similar to the one observed in T10. However, the FTU spectrum is broader and the quasi-coherent peaks are shifted toward the high frequencies: This is probably related to the fact that the FTU toroidal field is about three times larger than in T10. Both machines have the same minor radius~0.3 m! but different magnetic field. As shown in Fig. 13 , turbulence wavelength decreases when the magnetic field increases, in particular for improved confinement modes and the FTU~Ref. 29!. This feature is an encouragement to operate at higher toroidal magnetic field.
The fluctuation spectrum has been observed to change substantially during a PEP mode~see Sec. III.A! as shown in Fig. 14. Before pellet injection the spectrum shows its typical low-frequency peak and quasi-coherent component. Following the production of the PEP mode, the two components merge into a single wideband central spectral component. This change in the spectrum when improved confinement is achieved might be connected to the formation of steep pressure gradients generating shear flow in the plasma core, resulting in the breaking of turbulent eddies.
IV.B. Electron Temperature Profile Stiffness
Off-axis ECRF experiments in standard discharges i.e., sawtoothing discharges with no ITB! strongly suggest the existence of a critical electron temperature gradient length scale~10L T ϭ DT e 0T e !, above which the electron heat transport dramatically increases. 30 It is important to study the associated physics, in particular the dependencies on radius and other parameters such as the magnetic shear. 31 Perturbative heat transport experiments are now a very powerful tool to address this problem. 30, [32] [33] [34] ECRF is a favorite tool to probe electron transport features because of its highly localized deposition.
In FTU, ECRH is used not only to shape the heating profile but also to probe transport by heat waves launched by modulated ECRF since the location of the ECRF resonance can be easily modified by changing the steering angle. 6, 35 High-density target plasmas with a peak value of n e0 ' 1.5 ϫ 10 20 m Ϫ3 have been routinely used for these experiments, with a typical plasma current of I p ' 400 kA, q a ' 6, and an ohmic input power of P OH ' 500 kW, dropping to P OH ' 250 kW during ECRF heating. Experiments aiming at validating transport models of the electron temperature profile resilience have been made both in steady state and in response to timevarying heating, with LHCD being used for current density profile shaping, at least before ECRF application. So far, it has not been possible to use this technique when LHCD is used because of the presence of LHCDinduced fast electrons preventing the ECE diagnostic from being used properly.
Transport in the central plasma region can be probed only in the absence of sawtooth relaxations. In this condition a nonstiff behavior is observed, i.e., the electron temperature gradient increases at low, and essentially constant, thermal diffusivity in response to central heating. In contrast, a strong stiffness is found in the confinement region~0.15 , r0a , 0.5!, in the sense that the temperature gradient length L T does not change significantly even with largely different heating profiles and intensity, and the diffusivity increases substantially at, or outside, the narrow heating region. Particular attention has been given to the experimental investigation of the transition layer between low-high diffusivity~and lowhigh stiffness! regions, which is found at the EC deposition radius r dep in the case of powerful ECRF. A transition layer is also observed in plasmas with dominant ohmic heating, showing that this is a local plasma feature and not merely a consequence of a stepwise increase in the conducted heat flux at the ECRF deposition layer.
An example of the output of modulated ECRF is shown in Fig. 15 , where the heat wave amplitude is given as a function of the plasma radius with the modulated ECRF deposited at r dep Ϸ 0.6a~power deposition profile is the dotted peaked line in Fig. 15 !. The continuous line is the result of a transport calculation of the electron temperature perturbation, in which the electron heat diffusivity x e is constant in time but with the stepwise radial distribution shown by the dashed line. In this experiment, the resonance is set up at midradius by steering the beam. In this condition, single pass absorption is ;95%, and some stray EC beam can reach the plasma center, giving there an increase of the temperature modulation amplitude. The power deposition profile used in the calculation takes into account this stray component.
A novel experimental technique providing localized modulation of the temperature gradient shows strong dependence of heat diffusivity on L T at the transition layer. 35 In this technique, two EC beams, modulated out of phase, are set up to be absorbed at slightly different radii. The Before pellet injection the spectrum shows its typical low-frequency peak and quasicoherent component. After pellet injection the two components merge together and give just a single wideband central spectral component, which is Dopplershifted due to a slight change in the angle of reflection on the magnetic surface. The timing of the two spectra is such that reflection takes place at about the same plasma location. total input power is adjusted to be constant. In the region between the two absorption zones, the electron temperature gradient is modulated. All observations fit well with a critical temperature gradient length modeling of local electron heat transport. Modulation experiments aiming at assessing the resilience of the temperature profile with a negative magnetic shear remain to be done.
IV.C. Global Confinement Scaling
A systematic data consistency check has been performed with selected FTU data by using transport codes and critical data such as neutron yield. Transport analysis has been performed by using EVITA~Ref. 36! or JETTO~Ref. 11! codes. In these codes, the full additional power launched in the vacuum vessel is taken into account. The codes underestimate the energy confinement time in the presence of LHCD, as only 80% of the LHCD power is estimated to be coupled to the plasma. The database contains ;50 recent FTU discharges with typical plasma parameters in the following range: B ϭ 5.2 to 7.2 T, I p ϭ 0.35 to 1.2 MA, ne 0 ϭ 0.5 to 7.3 ϫ 10 20 m Ϫ3 , with different confinement regimes, ranging from ohmic and L-mode plasmas to repetitive PEP modes and ITB plasmas. Some discharges contribute with more points to the database, with each point corresponding to a different heating scheme~for example, LH or LH ϩ ECRF!. A summary of the FTU database on the global energy confinement is shown in Fig. 16 . The ohmic and L-mode discharges are generally in agreement with the ITER97 L-mode scaling. The line in Fig. 16 corresponds to the average for ohmic only pulses. The average fits very well the H 97 L-mode scaling with a coefficient 0.92. Discharges with an ITB have an energy confinement time up to 1.6 times the ITER97 scaling. The repetitive PEP modes exhibit a time-averaged energy confinement slightly above the ITER97 scaling, whereas gas fueled discharges exhibit a confinement lower than the ITER97 scaling. Transient phases with enhancement factors up to 1.3 are observed. The enhanced phase lasts for a time comparable to or slightly lower than the energy confinement time. It is to be noted that ECRF heated and full LHCD discharge have energy confinement time above the H 97 L-mode scaling, up to 1.5 for full LHCD at high density.
IV.D. Impurity Transport Studies
Impurity transport and temperature effects have been studied in FTU, observing mid-to high-Z elements~Fe, Ge, Kr, Mo, and W! injected by means of laser blow-off or gas puffing techniques. 37 It has been found that in the bulk plasma, impurities are generally affected by an anomalous perpendicular diffusion of the order D 4 ϭ 0.5 to 0.7 m 2 {s Ϫ1 and an inward pinch velocity V~a! ϭ 3 to 6 m0s, where a is the minor radius. Some of the main features observed during impurity transport studies include the occasional establishment of an ITB when krypton was injected in some experiments, and the degradation of particle confinement during intrinsic impurity studies, or when LH power is applied to the plasma as well as in some pellet injection experiments terminated by a disruption. Although a comprehensive interpretation of these phenomena is not yet at hand, these observations have permitted the corresponding discharges to be optimized by minimizing the concentration of impurities at the plasma center. Studies have also focused on high-temperature ECRF and LHCD plus ECRF heated plasmas in order to explore new spectroscopic domains and to have information on impurity transport, possibly in the presence of an ITB. These experiments have been performed in collaboration with Johns Hopkins University and Lawrence Livermore National Laboratory. Medium-high-Z elements have the advantage not to become fully ionized even at very high electron temperature~tens of kiloelectron-volts! and to exhibit a large variety of soft X and ultraviolet emissions very sensitive to the local plasma properties like, for instance, temperature, nonthermal effects, turbulence, and changes of transport properties. 38 For example X-ray emissions~L-shell! of intrinsic molybdenum in the core, heated by ECRF power at ;8 keV during the current ramp-up with a magnetic shear still negative or zero, have revealed a negligible impurity diffusion and a mild central impurity peaking. 39 Moreover, during the current ramp-up phase, LH power apparently hinders impurities injected by laser blow-off from penetrating into the plasma core.
V. PLASMA-WAVE PHYSICS V.A. Electron Cyclotron Resonance Frequency
The ECRF system is composed of up to four 140-GHz gyrotrons feeding separate antennas. 40 So far, up to 0.9 MW for 0.3 s has been launched with three gyrotrons. Each of the EC wave antennas is composed of four mirrors, each illuminating the plasma with a Gaussian beam, polarized for optimum coupling to the O-mode. Each mirror is independently steerable, between pulses, both in the vertical~poloidal! and in the horizontal toroidal! directions. Such an arrangement allows the wave to be focused at different locations without changing the magnetic field, therefore keeping the plasma parameters as constant as possible. The diameter of the beam in vacuum is '3 cm, corresponding to 'a010, thus providing an absorption layer size of the same magnitude. A specific set of probes, nicknamed sniffers, allows the absorption of the ECRF wave to be estimated. So far, up to three gyrotrons have been available at the same time and only for a short period. Therefore, basic ECRF studies, including CD studies, have not been attempted due to limitations in the available power. ECRF has been mainly used for the production of ITBs and for combined studies with LHCD. In addition the gyrotrons have the capability to be modulated up to 5 kHz with modulation amplitude of 80%, which allows electron transport to be extensively studied. The radial profile of the modulation amplitude is a direct measurement of the ECRF deposition and has been found in very reasonable agreement with beam-tracing predictions.
V.B. Ion Bernstein Waves
In the IBW scheme, the wave propagates in the low field side of an ion cyclotron harmonic resonant layer. 41, 42 The radio-frequency~rf ! power is directly coupled to the plasma electrons, through Landau damping, and to the thermal ions near the resonant layer by ion-cyclotron damping. The peculiar feature of IBW is to induce a ponderomotive EϫB sheared flow due to the rf power flux, which is mainly carried by the kinetic contribution of the coherent motion of the particles in the wave field. At sufficiently high power, this sheared poloidal flow might stabilize the turbulent fluctuations responsible for particle and heat transport.
Antenna coupling and wave propagation can be perturbed by nonlinear phenomena occurring in the plasma periphery, often resulting in impurity influx, triggered by the onset of strong turbulence when the energy density of the launched electrostatic wave exceeds the local plasma energy density. The IBW wave propagation is anticipated to be less sensitive to nonlinear phenomena at the plasma edge by increasing the frequency, which also allows a waveguide structure to be used. A high frequency and a waveguide antenna, which is another original feature of the FTU experiment, have been used and are expected to reduce impurity release during rf power injection. The IBW system in FTU operates at 433 MHz, a frequency three to ten times higher than in other IBW experiments. For a magnetic field of 7.8 T, this frequency corresponds to the 4th ion cyclotron harmonic at midradius in hydrogen or to the 9th harmonic at r0a ; 0.6 in deuterium.
In 1999, a set of experiments made in hydrogen gave encouraging results. 43 Up to 0.35-MW IBW power injection produced a simultaneous increase of the central electron temperature~up to 2 keV! and a peaking of the plasma density. The substantial increase in pressure profile was also accompanied by an increase in light impurities. A careful comparison between discharge with IBW and discharges with impurity gas injection led to the conclusion that the peaking of the pressure profile was due to the IBW wave. 42 The electron thermal diffusivity profile was estimated by the JETTO code, using as an input the experimental electron temperature and density profiles, the equilibrium configuration, the radiation profile, and the effective ion charge. Deposition profile expected from the linear theory and neoclassical resistivity were assumed. The resulting central electron diffusivity during IBW injection is reduced by up to an order of magnitude. The thermal diffusivity is reduced from the resonant layer to the axis. A local increase in the plasma pressure gradient is also observed, in qualitative agreement with the prediction of theoretical models for EϫB sheared flow generation by IBW.
The investigation of ITB formation by IBW injection continued with higher power capability, after the insertion of a second IBW launcher in 2002~Ref. 44!. Use of boronization allowed much cleaner and more robust plasmas, with higher density and higher plasma current, to be achieved. Both hydrogen and deuterium plasmas were used with B t ranging from 7.2 to 7.9 T with plasma current from 0.4 to 0.8 MA. Similar pressure peaking was achieved for longer periods without any increase in MHD activity and no impurity increase. In hydrogen, both temperature and density were increasing, while in deuterium the central pressure increase was mainly due to the density increase. The differences might be due to the large change in the resonance location as shown in Fig. 17 , with the volume within the zone corresponding to the harmonic layer being much larger in deuterium. According to a ray-tracing Fokker-Planck code for both electrons and ions, most of the wave is damped on the plasma slightly before the resonance location. The calculated ponderomotive-induced EϫB sheared flow 43 indicates that turbulence can be stabilized at a power level of 0.3 MW. A transport analysis from JETTO confirms that the thermal heat conductivity is reduced, by ;40%, in the plasma region within the resonance layers. Future experiments, including turbulence measurements, are being prepared to further develop these improved confinement plasmas.
V.C. Lower Hybrid Current Drive
Noninductive CD techniques, such as LHCD, will be necessary in burning experiments such as ITER in order to achieve several tasks. Among them are the shaping of the plasma current profile for advanced or steady-state scenarios, operation at full CD, and stabilization of MHD modes. Localization and CD efficiencies are key issues for noninductive CD techniques. At present, most LHCD experiments are limited to lineaveraged density and toroidal field values rather far from those considered for ITER~5.3 T, 1.0 ϫ 10 20 m Ϫ3 !. FTU has the unique opportunity to operate in a range of density~up to 2.0 ϫ 10 20 m Ϫ3 ! and field~B t ϭ 5 to 8 T! of interest for ITER.
The LH frequency~8 GHz! was chosen to optimize the damping of the waves on the electron population. The LH system is based on six gyrotrons connected to the tokamak with 40 m of circular waveguides. The power is then distributed through two distinct launchers each capable of launching 1.2 MW for 0.5 s, corresponding to 6.2 kW0cm 2 at the waveguide mouth. It is to be noted that the phase of each waveguide can be independently controlled, thus allowing a fine control of the wave spectrum to be achieved. In optimized conditions, the global reflection coefficient is in the range of 5 to 15%.
The FTU has extended the database for full CD to the domain 0.5 , n e , 0. ! is shown in Fig. 18~B t ϭ 7.2 T and I p ϭ 0.5 MA!. The central electron temperature increases from 2 to 6 keV with full suppression of any sawtooth activity. A striking feature is the increase in the thermal neutron yield by a factor of 6, corresponding to an increase of 0.25 keV in the ion temperature through electron-ion collisions. With the available LHCD power, partial CD, ;75%, has been achieved at higher plasma density, up to 1.2 ϫ 10 20 m Ϫ3 . The average Z eff rises from 1.6 in the ohmic phase to 2.5 during the LHCD phase. This relatively modest Z eff increase has been made possible by careful attention given to the objects located in the plasma scrape-off layer. Plasma performance has significantly improved with cleaner plasma conditions, in particular, following boronization.
The FTU database relative to the efficiency of CD constitutes a significant part of the world LHCD database, in particular with full CD at high plasma densities and plasma current. Results are reported in Fig. 19 and confirm the linear positive trend of the efficiency against the volume-averaged temperature~^Te&!~Ref. 47!. LHCD efficiency in FTU is up to a value of 0.3 ϫ 10 20 W{A Ϫ1 m Ϫ2 , especially at high magnetic field~7.2 T!. At the lower end of temperatures,^Te& appears to be the main ordering parameter, with the dependency of the launched wave spectrum being not negligible. At higher temperatures, saturation of the efficiency tends to appear.
Transport analysis has been carried out with the ASTRA code connected to a fast ray-tracing code and with the JETTO code connected to a 1-D Fokker-Planck code. Full launched power is taken into account in the estimation of the global energy confinement time. The LH profile deposition is narrow, well inside r0a ϭ 0.2 for a full CD discharge. The global energy confinement increases up to H 97 ϭ 1.5~Fig. 15!, although no sign of any ITB formation was detected.
V.D. Synergy ECRF/LHCD
An attractive scenario for the generation of noninductive current is the combined injection of ECRF and LH waves, in order to try to put into synergy the higher LHCD efficiency and the better spatial localization of electron cyclotron current drive~ECCD!, again in conditions relevant to ITER. The basis of the potential synergy between the two waves is the absorption of the ECRF waves either by the fast electron tails, generated by the LHCD, or by the thermal bulk~"cold" resonance!, in a reverse shear plasma during current ramp-up sustained by LHCD. The condition for the electron resonance is given by V ce 0g ϭ v 0 Ϫ k 00 {v 00 , where V ce ϭ electron cyclotron frequency v 0 ϭ frequency of the wave k 00 ϭ component of the wave vector parallel to the static magnetic field.
The interaction with fast electrons can be studied by acting on the relativistic term g~i.e., changing the launched LH spectrum or plasma conditions such as a remaining electric field! or varying the Doppler-shift term with different toroidal injection angle of the ECRF wave. Two different schemes can be studied: the downshifted B res Ͻ B! and the upshifted~B Ͻ B res !~Ref. 48!.
In the downshifted regime, the cold ECRF is not met anywhere in the plasma, and the ECRF wave resonates only with the fast electron generated by the LH waves. In the experiments, the ECRF waves have been injected mainly as O-mode into a plasma with B t ϭ 7.2 T~high enough to push B res ϭ 5 T outside the vessel!, Ip ϭ 350 to 500 kA,^ne& ϭ 4 to 8 ϫ10 19 m Ϫ3 , P EC ϭ 0.8 MW, and P LH ϭ 0.6 to 1.8 MW. The power absorption was measured by two different rf probes, which detect the residual EC radiation in the vacuum vessel. A power absorption in the range of 40% of the ECRF injected power has been estimated, with the absorbed power appearing to be related to the rate P LH 0^ne&. Clear effects on the plasma parameters during the downshifted interaction have been routinely observed as shown in Fig. 20 : The central temperature increases by 1.2 keV, the loop voltage decreases, and a strong increase of the ECE emission takes place due to superthermal electrons. Plasma current is almost fully driven. An extra current of 90 kA~at I p ϭ 350 kA! due to the EC injection has been estimated. This technique is very promising for FTU, allowing high magnetic field, high current discharges~therefore with a potentially higher confinement! to be used with both ECRF and LH waves, although the cold EC resonance is located outside the plasma.
In the "upshifted" scenario, the interaction between the wave and the electrons occurs when the local magnetic field is lower than the resonant one. It is to be noted that such a scheme is considered for ITER in order to maintain a given deposition localization even though the magnetic field is varied. The superthermal absorption takes place when the ECRF wave is injected with a toroidal angle in the direction of the fast electron tail generated by the LH wave, with a typical toroidal steering angle of ϩ30 deg being used in FTU. After interacting with the fast electrons, the remaining wave is absorbed by the bulk electrons at the cold resonance. Thus, it is very important to tune the LH and the ECRF deposition profiles~i.e., B T and N 7 ! in order to achieve a proper interaction. In such an experiment, a full stabilization of the MHD activity and a reduction of the loop voltage were observed during the injection of the ECRF wave. From the reduction of the loop voltage, an extra amount of CD of 70 kA is estimated, which cannot be explained only by the ECCD superthermal term. With a value of ;28 kA being estimated from linear theory, such an increase in the CD efficiency is interpreted as due to the synergy of the two waves. Further experiments were hampered by the absence of a fast electron bremmstrahlung camera allowing a better determination of the fast electron population to be achieved. Such an exploration will be resumed in the future.
VI. MHD STUDIES
VI.A. Sawtooth Control by ECRF Waves
High-power ECRF or CD experiments have been performed with the aim of controlling the MHD activity by fine adjustments of the position of the rf power absorbing layer, with a typical power of 800 kW at 140 GHz with Bt ϭ 5.6 T, low plasma current~I p ' 350 kA!, and high safety factor values~q a ' 6!. Sawtooth control is anticipated to be achieved by reshaping the current density profile through local changes in the plasma resistivity as observed in other experiments. 49, 50 In FTU, motivations are to produce stable targets for heat transport analysis and to directly study the m ϭ 1, n ϭ 1 internal kink mode dynamics. In general, the sawtooth period decreases with on-axis ECRF absorption, while it strongly increases when the absorption is moved toward the inversion radius. Transient sawtooth stabilization and the longest sawtooth-free periods are achieved when the absorption radius is ;0.85 to 0.9 of the inversion radius. The stabilizing effect is observed on a timescale much faster than the resistive diffusion time. Complete and steady sawtooth stabilization has been observed when the electron temperature profiles become flat or hollow in the central region. The prompt response to ECRF and its sensitivity to precise resonance localization suggest that local distortions of the current density profile, rather than the global current inside r q ϭ1, is the key parameter controlling the internal disruption of the m ϭ 1 kink mode. A model for reconnections based on a critical threshold in local magnetic shear at the q ϭ1 rational surface 51, 52 and stabilization by diamagnetic effects has been applied to interpret FTU results. This model describes satisfactorily the effects observed. Sawteeth can also be stabilized if the absorption radius is larger than the inversion radius but only if enough ECRF power is available. The corresponding time delay is consistent with resistive diffusion time. Some experiments have also been performed with ECCD, but more power is required if it has to be used as a tool for profile control.
VI.B. Stabilization of TMs
Neoclassical TM control is an important issue in fusion relevant tokamak devices, 53 and a reliable and automatic system of mode detection0suppression is still a challenge. ECRF0ECCD is an attractive actuator because of the high localization of induced currents. In FTU, TMs have been suppressed by aiming the ECRF beams on the MHD island: The adjustment of the control system to the unstable plasma represents a step forward toward the active control and suppression of TMs by ECRF waves. The problem of the presence of many modes, each linked to all the others, has also been addressed. 54, 55 The beam steering capability has been used to study the effect of the current density profile, at fixed plasma current and q a , on the MHD activity and TM mode dynamics. The diameter of the beam in vacuum is '3 cm, corresponding to 'a010. Fine-tuning of the absorption position as compared to the islands location is necessary for TM stabilization, as exemplified in Fig. 21 , showing the effect of a scan in the resonance radial location. The main findings of theses studies are the following:
1. The dynamics of TM strongly depends on the radial position of the absorbing layer, to the extent that the~m ϭ 2, n ϭ 1! mode is fully suppressed if absorption occurs inside the magnetic island.
2. Mode stabilization can be achieved by steering the ECRF beams, at constant B t and plasma current.
3. It is shown that mode coupling, in case of coexistence of many modes, is important in choosing the most effective stabilizing procedure. A rotating mode is easier to be stabilized, whether it is alone or coupled to other modes. 4 . The experiments confirm that a fraction of the ohmic power is sufficient for stabilization: A threshold power for stabilization of ;0.15P OH has been found. The gain in core confinement after TM stabilization can be very significant, with the central temperature increasing by ;20%.
VI.C. MHD Activity in Low or Reversed Magnetic Shear Configurations
Plasma configurations with reversed magnetic shear and reduced transport in the plasma core are particularly interesting in view of steady-state reactor operation. The MHD stability of reversed-shear configurations is a critical issue. In particular, the presence of pairs of q ϭ m0n resonance around the minimum q can excite double TMs even at low beta; in addition, peaked pressure profiles may destabilize resistive interchange modes in the region with negative values of the magnetic shear s ϭ rq ' 0q. Sawtooth-like crashes ascribed to double TMs have been observed on several experiments, 56, 57 while the resistive interchange instability has been invoked to explain localized MHD bursts in DIII-D discharges with negative central shear and peaked pressure profiles. 57 The MHD activity has been studied in several operating scenarios in FTU with reversed magnetic shear, including ohmic discharges with hollow current profiles induced by impurity accumulation, off-axis LHCD, and early ECRF during fast current ramps. 58 For instance, bursts of double tearing relaxations are being regularly observed by electron temperature and soft X-ray diagnostics in ohmic discharges when strong central radiation losses give rise to persistently hollow electron temperature profiles. An example is shown in Fig. 22 , where two bursts of double tearing reconnections are clearly evident. Up to 40 nearly periodic relaxations have been found in each burst. These relaxations resemble the sawtooth activity, in the sense that they exhibit a sudden crash at the off-axis temperature peak, a well-defined inversion radius, and a diffusive behavior outside a mixing radius. Also, the relaxation period~3 to 12 ms! is in the range of the FTU sawtooth period. There is however a remarkable difference; in fact, the central temperature channels are not affected by the relaxation, i.e., the temperature rearrangement is an annular crash; core crashes are also observed but only at the end of each burst. The radial structure of the temperature rearrangement at each relaxation is in good agreement with the Kadomtsev reconnection model, 59 applied to the nonmonotonic q profiles that are obtained both from conditioned MHD equilibrium reconstruction and from resistive diffusion calculations. In contrast, time evolution is much faster than predicted by the model. A detailed analysis has been made of these sawtooth-like events. 60 According to the scheme based on marginal ideal stability, sawtooth-like crashes in reversed-shear discharges can be avoided provided that the pairs of surfaces with the same integer, or semi-integer, q are far enough from each other. Alternatively, differential toroidal rotation, which has not been yet considered, should play an important stabilizing role.
VI.D. Internal Kink Mode Studies with Pellet Injection
Pellet injection gives rise to a rich variety of observations on the m ϭ 1 island dynamics. Pellet ablation near the q ϭ 1 surface triggers the fast growth of an island, which in turn enhances the effective pellet deposition depth, therefore leading to strong central fueling. This is in contrast with pellet ablation calculations, according to which pellets are almost completely evaporated outside one-third of the minor radius, with the foot of the ablation profile being near the location of the q ϭ 1 surface. As soon as what remains of the pellet reaches the q ϭ 1 surface, an m ϭ 1 island is observed to be growing to a large amplitude in a few tens of microseconds. The island growth gives rise to mixing between the pellet-fueled region and the central region, and then to effective central fueling. Detailed analysis of the island behavior, observed as a strong in-out asymmetry of the temperature profile from ECE measurement have been performed and compared with the M1TEV code. 61 The main output of the code is that temperature asymmetry is reproduced by an island that grows in 25 ms and rotates at 10 kHz. In addition to producing asymmetric temperature profiles, the island growth takes density from the ablation-fueled region to the plasma center.
All high-current FTU discharges with pellet injection develop an m ϭ 1 island provided that a q ϭ 1 surface is present in the plasma. Some discharges also develop long-lived structures, which in some cases can be identified as a remnant of the island formed by pellet injection. Tomographic reconstruction of soft X-ray oscillations shows a bright spot localized inside the sawtooth inversion radius. The persistent hot spot can then be explained by the presence of well-confined impurities around the island O-point. 62 The presence of impurities inside the island allows for a fine reconstruction of its structure from soft X-ray emission. 63 Several harmonics i.e., m0n ϭ 1 with m . 1 components! with sheared rotation have been identified. The magnetic perturbation has a very sharp boundary; in fact, no oscillations are detected 1 cm beyond the separatrix, excepting of course heat waves at sawtooth collapses. The sheared rotation of the harmonics is an indication of island deformation that might be due to sheared viscous flow outside the island introducing a radial dependence of the island phase. Tomographic data show that the island progressively shrinks during the sawtooth ramp phase and suddenly widens~without filling the plasma core! at the collapse. This means that in this case the sawtooth collapse is a transition between two partially reconnected states. The basic evolution of m ϭ 1 rotation frequency after pellet injection is a progressive acceleration following the increase in the electron diamagnetic frequency with some delay: In most cases, a constant rotation frequency is reached on the energy confinement timescale. In contrast, in the example shown in Fig. 23 , the m ϭ 1 frequency reaches a maximum and then decreases to zero. The initial frequency decrease can be reproduced by assuming that the island moment of inertia increases as the island area. 64 The final mode locking in the pulse shown in Fig. 23 is not explained by inertial effect but by the amount of magnetic flux reconnection that is forced at the q ϭ 2 surface by the m ϭ 2, n ϭ 1 toroidal sideband of the m ϭ 1, n ϭ 1 island. Flux penetration across the q ϭ 2 radius gives rise to effective wall braking. 
VI.E. Sawtooth Trigger Studies
Sawtooth collapses that are not preceded by the usual precursor oscillations are systematically observed in FTU high-density, high current plasmas. Careful analysis of such collapses revealed that a precursor instability exists in the form of a purely growing m ϭ 1 displacement. The precursor growth rate is similar to the one of the m ϭ 1 mode in the semicollisional regime. The typical duration of purely growing precursors is 100 ms, i.e., about one linear electron-folding time. At the end of the precursor phase, the growth rate increases by an order of magnitude and a final steady-state condition is reached in ;15 ms. Both in the precursor and the fast collapse phase, the plasma core structure is consistent with the one assumed in the Kadomtsev model, i.e., the central region undergoes a top-hat displacement leaving room to a crescent-shaped m ϭ 1 island. The final~relaxed! configuration can be partly or almost fully reconnected; two nearly full reconnection events are typically interleaved by one or two partial reconnection events. In partial reconnection the displacement saturates at a value that is typically below 50% of the q ϭ 1 radius. In these cases, decaying postcursor oscillations are observed. In Fig. 24 , the evolution of temperature contours is shown during the fast collapse phase for a nearly full reconnection case. The displacement velocity, as evaluated from the slope of temperature contours, dramatically increases at t ϭ 190 ms and then saturates. The final displacement is at least 80% of the q ϭ 1 radius, but reconnection is not properly full as a tiny m ϭ 1 structure survives. The dashed curve in Fig. 24 shows an extrapolation of the precursor exponential growth, while the dot-dashed line is obtained from a nonlinear model assuming large and constant reconnection rate. 61 A proper combination of the two curves, i.e., exponential growth till t ϭ 190 ms and large reconnection rate afterward, tightly follows the experimental evolution.
VI.F. Fast MHD Analysis
High sampling rates of MHD signals from the Mirnov coils, up to 1 MHz, have revealed some interesting physics aspects. This technique was pioneered on JET Refs. 65 and 66! and is being further developed at Frascati. 67 This MHD spectroscopy can also be used to assess some turbulence mechanisms.
This technique has just started to be used in FTU, with the signals being normally recorded for 1.8 s at a sampling rate of 0.5 MHz. They give a large amount of information that is rather complex. Initial results are being analyzed but not yet fully exploited. As an example, such an MHD activity in an ohmic FTU discharge at 6 T, 0.5 MA,^n e &: 5 ϫ 10 19 m Ϫ3 is shown in Fig. 25 . In such a discharge, sawteeth are absent and a large m ϭ Ϫ2, n ϭ 1 mode~rotating in the electron diamagnetic direction! is present. Other modes appear at much higher frequencies. The m ϭ 2 mode appears already at 0.1 s and then saturates at a level of dB0B ϭ 3 ϫ 10 Ϫ3 . Then, it starts to grow again at 0.4 s up to values of Յ2 ϫ 10 Ϫ2 , and during this time, satellite modes appear, as can be seen in Fig. 25 . These modes are not independent from the m ϭ 2 mode as can be seen at t ϭ 1.3 s, when the m ϭ 2 mode locks, thus leading to a dramatic change in the frequency of the satellite modes. When the m ϭ 2 mode unlocks, rotation of the satellite modes is restored.
The main satellite modes have m-numbers of 64 and n-numbers of 61. Some pairs, rotating in the electron and ion diamagnetic directions, can be identified in the spectrum. However, the poloidal dependence of their phases is more complex suggesting that these modes are possibly positioned inside the magnetic m ϭ 2 island, which is estimated to have a width of ;4 cm. Studies are underway to understand the complex nature of these satellites. A possibility under study is the nonlinear coupling between m ϭ 2 TMs and Alfvén modes. A more systematic study making use of this technique is proceeding. Fig. 25 . High sampling MHD spectroscopy of ohmic pulse #23151~6 T, 0.5 MA! using Mirnov coils~Ϫ42 deg! with a 0.5-MHz sampling rate for 1.7 s. Ordinates indicate the frequency in kilohertz and grey levels the amplitude in a log scale.
